Abstract
assess the energetic effect of an intervention.
Consequently, we aimed to compare metabolic cost calculated with the different 61 models to metabolic cost measured with indirect calorimetry on walking trials with 62 different speeds and slopes. These were used as test cases for intervention studies, since 63 it requires a similar change in dynamics, while there is some information in literature of 64 the effect of these dynamics changes to energy expenditure. It is known that in downhill 65 walking, knee extensor activity increases [27, 28] while metabolic cost decreases [23] , 66 that in uphill walking metabolic cost increases [23] , and that between 2 and 5 km/h, 67 metabolic cost is independent of speed [29] . Therefore, a secondary goal is to see if the 68 metabolic cost calculated with metabolic energy expenditure models has a similar effect 69 with a change in slope or speed.
70

Methods
71
Subjects and experiment
72
Twelve healthy participants (6 female, 6 male, mean ± SD age 24 ± 5 years, weight 70 73 ± 12 kg, and height 173 ± 8 cm) provided informed consent prior to and performed the 74 experiment. The experimental protocol was approved by the institutional review board 75 of Cleveland State University (IRB-FY2017-286). First, the subjects stood on the plates (R-Mill, Forcelink, Culemborg, the Netherlands) was used to measure the ground 83 reaction forces. A motion capture system with 10 Osprey cameras and Cortex software 84 (Motion Analysis, Santa Rosa, CA) was used to record 27 markers, given the markerset 85 in S1 Figure and S1 Table. The raw and processed experimental data are published as a 86 dataset in [30] .
Metabolic energy models
Seven metabolic energy models were selected for this study: models BHAR04 [7] , 89 HOUD06 [10], UMBE03 [9] , LICH05 [21] , MINE97 [8] , MARG68 [23] , and KIMR15 [24] . 90 Six models use muscle states (contractile element length, activation, stimulation) to 91 determine the energy rate of the individual muscles. Model KIMR15 calculates the 92 energy rate for each joint instead of each muscle, using the angular velocity and joint 93 moment.
94
The calculated metabolic cost of walking, C calc , is determined in J/kg/m as follows: 95
Nmus i=1Ė i dt (1) where T denotes the motion duration, m the participant's mass, v the speed, N mus the 96 number of muscles, andĖ i the energy rate of muscle i in W.
97
Models BHAR04, HOUD06, UMBE03, and LICH05 calculate the energy rate as a 98 function of work rate,ẇ, and heat rates, due to activation,ḣ a , maintenance of 99 contraction, andḣ m , and muscle shortening and lengthening,ḣ sl [7, 9, 10, 21] :
The implementation of these models is detailed in S1 File.
101
Model MINE97 determines the energy rate for each muscle incorporating an 102 empirical function of the ratio between the contractile element velocity, v CE and the 103 maximum contractile element velocity, v CE(max) [8] :
where φ = 0.054 + 0.506v CE + 2.46v
shortening, and 120% efficient when lengthening [23] :
Model KIMR15 does not use muscle states, but calculates the metabolic rate on the 109 joint level, using the joint moments and angular velocities. The metabolic rate is still 110 the sum of the heat rate and the work [24] :
where the power, p, at joint i is the product of the joint moment M and angular 112 velocityθ [24] :
The heat rate is determined as follows [24] :
whereḣ M = 0.054 is the heat rate for activation and maintenance,ḣ SL = 0.283 is the 115 shortening-lengthening heat rate for positive power, andḣ SL = 1.423 is the 116 shortening-lengthening heat rate for negative power, andq cc is the cocontraction heat 117 rate. The subscript max indicates the maximum over the gait cycle [24] .
118
Kinetic and Kinematic Data Processing
119
A two step approach was used calculate the joint angles, moments, and muscle states 120 and inputs necessary to determine the metabolic cost of walking level, uphill and 121 downhill using the metabolic energy models.
122
In the first step, the joint angles and moments were determined from marker and 123 ground reaction force data. The data was filtered backwards and forwards with a 124 second order Butterworth filter with a cut-off frequency of 6 Hz. Angles, angular 125 velocities and accelerations, and segment accelerations were calculated from marker 126 positions, velocities, and accelerations [31] . The data was split into gait cycles and resampled to 100 data points per gait cycle.
128
The joint angles were determined using the orientation from the proximal to the 129 distal marker on the body segment. For example, for the tibia these were the knee and 130
ankle markers (RLEK/LLEK and RLM/LLM, see S1 Table and S1 Figure) . The joint 131 moments were determined from the marker data and the ground reaction forces using
132
Winter's method [32] . The joint angles, moments, and ground reaction forces were 133 averaged over all left and right gait cycles to find one average gait cycle.
134
In the second step, the muscle states (activation and contractile element length) and 135 stimulations were determined using dynamic optimization method introduced in [33] 136 such that the joint moments generated by the muscles matched the moments found 137 using Winter's method. Fig 1 shows The stimulations u(t), activations a(t), and contractile element lengths l CE (t) were
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found by solving the following dynamic optimization problem:
where were used: u(T ) = u(0), a(T ) = a(0), and l CE (T ) = l CE (0).
148
This optimization problem was solved using direct collocation, with 100 nodes for 149 the gait cycle and a Backward Euler formulation. IPOPT 3.11.0 was used to solve the 150 optimization problem [34] . Finally, the muscle state trajectories and stimulations, or the 151 joint angular velocities and moments were inserted in the seven metabolic energy 152 models to find the calculated metabolic cost.
153
Pulmonary Data Processing
154
The measured metabolic cost was derived from the pulmonary gas exchange data using 155 indirect calorimetry. 
The resting trial was subtracted from each walking trial. The metabolic rate was
Analysis 162 First, the implementation of the metabolic energy models was verified and compared to 163 Miller [26] . To do so, the metabolic rate,Ė, was determined for the soleus for three 164 speeds (shortening at 1 l ce /s, isometric and lengthening at 1 l ce /s), and five activation 165 levels (0.05, 0.25, 0.5, 0.75 and 1). The stimulation was assumed to be the same as the 166 activation. The stimulation time, used in models BHAR04 and LICH05, was set to 1.
167
After the verification of the metabolic energy models, the metabolic cost was 168 calculated for every subject and trial (Eq. 1) and compared to the measured metabolic 169 cost (Eq. 2). Additionally, the calculated metabolic cost was determined for all joints
170
individually. The metabolic cost of biarticular muscles was split between the joints on 171 which they act using the ratios of the moment arms. The difference between the 172 calculated and measured metabolic cost, averaged over all subjects, is also presented. each subject by assuming a model with the same slope for each subject, but a different 181 intercept.
182
Results
183
Verification of Metabolic Energy Models shortening and lengthening velocity of 1 l CE(OP T ) /s, where l CE(OP T ) is the optimal contractile element length, and an isometric condition. and MINE97 had a positive metabolic rate, and the other models had a negative rate. 192 Metabolic rate of soleus, calculated with the metabolic energy models for different conditions. Metabolic rate as calculated by the metabolic energy expenditure models that are based on individual muscles of the soleus muscle at four activation levels, for an isometric condition, and a shortening and lengthening velocity of one optimal fiber length per second. Comparing the different inclines, the calculated metabolic cost increased with incline 217 for all models. The energy expenditure at the hip increased most from downhill to level 218 to uphill walking. The metabolic cost calculated with model BHAR04 and model
Joint Kinetics and Kinematics
219
HOUD06 also increased at the knee and ankle joint with an increasing slope. between speeds, which is similar to the measured metabolic cost and [29] , and the other 263 models predicted a slightly higher metabolic cost for the larger speed. The high correlation confirms Hicks et al. [37] , who mention that a sagittal plane model should be 265 sufficiently accurate for walking, since this motion is almost entirely in the sagittal 266 plane. Correlation coefficients were also high for all subjects individually, except for one 267
(purple line in Fig 7) . This subject had an outlier of the uphill trial at slow speed.
268
The calculated metabolic cost is underestimated by all models, which is seen in Fig 6 269 for which three causes were identified. First, the underestimation could be due the 270 approach used to find the muscle activations, where muscular effort was minimized, and 271
any muscular co-contraction was disregarded. Secondly, the muscle mass was not 272 adjusted with the subject's mass, while most models normalize the energy rate per 273 muscle to the mass. Finally, the calculated metabolic cost could be lower since negative 274 work was subtracted in this work. However, the high correlation indicates that the 275 mechanical analysis still yielded a correct prediction of increases or decreases in 276 metabolic cost.
277
The calculated metabolic cost in this study is also lower than calculated by a resting metabolic rate [7, 9] . Bhargava et al. also use a three dimensional model [7] ,
282
while this work used a sagittal plane model with eight muscles and no resting metabolic 283 rate. When accounting for a resting metabolic rate of 1.2 W/kg (see [9] ), the metabolic 284 cost was still higher than calculated in this work. A possible reason could be the low 285 muscle mass in this model. The muscle mass was determined from the maximum 286 isometric force, the total of which was a factor three lower than in a three dimensional 287 model [38] . Model UMBE03 underestimated the increase in metabolic cost from level to 288 uphill, and the decrease in metabolic cost from level to downhill. Dembia et al. [13] 289 found a similar result using this model to predict the increase in metabolic cost from 290 unloaded walking to loaded walking with 38 kg on the torso.
291
The handling of muscular energy expenditure during lengthening is still debated [26] . 292
During lengthening, the energy rate can be negative, which is physically impossible.
293
However, the negative work should be subtracted from the metabolic cost in models lenghtening heat rate coefficient was updated in model UMBE03 according to [39] , so it 302 is interesting that the difference was largest for this model.
303
The kinematic and kinetic data are similar to previous studies of sloped 304 walking [28, 40] . The trend of the muscle forces with the slope was similar to [41] for the 305 gluteals, hamstrings, rectus femoris and gastrocnemius. This study used a model with 306 18 muscles in each leg, compared to eight in this work, which could explain the higher 307
forces in the iliopsoas, hamstrings, vasti and soleus than in [41] . The force in the 308 gluteals was lower, and the force in the rectus femoris, gastrocnemius and tibialis
309
anterior was similar to [41] . Note that inaccuracies in the muscle force and activation
310
could affect the results of all metabolic models.
311
The relative contribution of the different joints to the total metabolic cost in the and ankle, with 29% and 49%, while the other models had a difference in metabolic cost 316 between these joints of less than 12%. This is similar to contributions of different joints 317 in guinea fowl walking (24%, 37%, and 38% for the knee, hip and ankle, respectively), 318 measured using their blood flow [42] . In [26] , the relative contribution was reported for 319 tracking simulations. For these simulation, the energy was distributed more evenly 320 between all three joints, with the knee contributing between 27% and 34%, the hip 321 between 23% and 39%, and the ankle between 29% and 50%, while the absolute 322 metabolic cost varied greatly between models [26] . This suggest that some energy 323 minimization is necessary to distribute energy between joints more accurately.
324
Similar trends existed between the metabolic energy models in the breakdown of the 325 metabolic cost per joint, though differences exist in the breakdown for the specific trials 326 (see Fig 5) . Since no measurements were taken, it cannot be said which model is more 327
March 25, 2019 17/25 correct. However, the trends with speed and slope were very similar between models.
328
The hip was mainly responsible for the change of energy expended with the slopes. Note that model UMBE03 in [26] does not allow negative work, so the result differs for 337 lengthening.
338
It was observed in Fig 7 that weighting, yielded similar muscle forces.
357
Other metabolic models were recently developed by Uchida et al. [22] and by it used a different method to determine the amount of fast twitch and slow twitch fibers. 360
The results were very similar to model UMBE03, so they were not reported separately. 361
The model by absolute error (Fig 6) , though a similar dependency on the subject's mass was present. 370
Therefore, no further conclusions were drawn for the absolute predictions of the models. 371
Subjects were not asked to refrain from eating before the experiment. 
